Although many genes have been identified for the autosomal recessive cerebellar ataxias (ARCAs), several patients are unlinked to the respective loci, suggesting further genetic heterogeneity. We combined homozygosity mapping and exome sequencing in a consanguineous Egyptian family with congenital ARCA, mental retardation and pyramidal signs. A homozygous 5-bp deletion in SPTBN2, the gene whose in-frame mutations cause autosomal dominant spinocerebellar ataxia type 5, was shown to segregate with ataxia in the family. Our findings are compatible with the concept of truncating SPTBN2 mutations acting recessively, which is supported by disease expression in homozygous, but not heterozygous, knockout mice, ataxia in Beagle dogs with a homozygous frameshift mutation and, very recently, a homozygous SPTBN2 nonsense mutation underlying infantile ataxia and psychomotor delay in a human family. As there was no evidence for mutations in 23 additional consanguineous families, SPTBN2-related ARCA is probably rare.
INTRODUCTION
Genetic ataxias are inherited as autosomal dominant, recessive, X-linked or mitochondrial traits. Autosomal recessive cerebellar ataxias (ARCAs; incidence: B5/100 000) have to be considered in patients younger than 30 years. Infantile onset is common, and patients with congenital variants typically have developmental delay. At least 20 genes have been reported, but about 40% of cases are due to mutations in yet unidentified genes. 1, 2 
MATERIALS AND METHODS
See Supplementary Information. The SPTBN2 mutation described in this manuscript has been submitted to the Leiden Open Variation Database (LOVD v.3.0. Build 05).
RESULTS

Clinical presentation
II:1 is a 9-year-old girl, the first child of healthy consanguineous parents. She was born full term after uncomplicated pregnancy by normal vaginal delivery. At the age of 9 years, she was referred to the genetic clinic with global developmental delay and ataxia. At 9 months, her mother noticed that she could not sit unsupported. Her motor skills developed but with a significant delay. She could walk at the age of 2.5 years, but her gait was wide-based, and tremors occurred when eating or holding toys. She received multivitamins, vitamin D and physiotherapy. According to the parents, her condition slowly improved: She is able to walk and eat without support now, although with difficulties. On examination, her height, weight and skull circumference were normal. She had global developmental delay and no dysmorphic features. Speech was slurred. Chest, heart and abdominal examination gave normal results. Neurological examination revealed no cranial nerve affection, nystagmus or muscle atrophy. Muscular strength could not be examined because the patient did not cooperate, but muscular tone appeared increased (spasticity with clasp-knife response). Deep tendon reflexes were increased with extensor plantar response (positive Babinski sign). Superficial reflexes (ipsilateral contraction of upper and lower abdominal muscles upon stroke) were lost, whereas sensation was normal. Signs of cerebellar dysfunction included dysmetria, intention tremors and dysdiadochokinesia. There were no extrapyramidal manifestations or bulbar symptoms. No cranial CT or MRI was available. The younger brother of II:1, II:2, was similarly affected with global developmental delay, clasp-knife spasticity (with increased deep tendon reflexes, positive Babinski sign) and cerebellar dysfunction (with intention tremors, dysmetria and ataxic gait). The family history revealed a similarly affected maternal cousin born to healthy consanguineous parents, too ( Figure 1a ).
Genetic analysis
We identified seven regions of homozygosity by descent (HBD) with a combined maximum parametric LOD score of 2.783 on chromosomes 2, 5, 6, 9, 10 and 11 ( Figure 1b ; Supplementary Figure S1 ). Exome sequencing revealed 424 genes with novel, homozygous variants that resulted in stop codons gained, stop codons lost, frameshifts, non-synonymous coding changes and essential splice site mutations. Sixty-seven of these are contained in the chromosome regions with maximum significance, 43 of which are contained in the largest HBD region on chromosome 11 (B50 Mb). Statistically, the homozygous disease-causing mutation in the offspring of consanguineous parents most likely resides in the region defined by the longest run of homozygous SNPs. 3 In this region, 3 genes carried essential splice site variants, 7 genes had frameshift coding deletions and 12 genes had non-synonymous variants with aggregated SIFT, Polyphen and Condel predictions for deleterious effects. Excluding anonymous ORF and olfactory receptor genes and prioritizing the frameshift variants over non-synonymous and splice site changes left four genes with homozygous frameshift variants, SPTBN2, B3GNT6, SF1 and RELT. All of these are single-base insertions, likely homopolymer misalignments or at low (o6 times) coverage, with the exception of the mutation in SPTBN2 (16 times coverage). SPTBN2 (MIM number 604985) carries a c.2864_2868del (p.(Thr955Serfs*120)) in exon 16 (Supplementary Figure S2) and was of particular interest because SPTBN2 is mutated in spinocerebellar ataxia type 5 (SCA5; MIM number 600224). B3GNT6 codes for an enzyme involved in the biosynthesis of mucin-type glycoproteins in the digestive tract. SF1 codes for a splicing factor and has, although known since 1984, as yet not been implicated in any human disorder. RELT designates the gene for a protein from the tumor necrosis factor receptor superfamily, is expressed in lymphoid tissue and induces NF-kb activation. Sanger sequencing of SPTBN2 confirmed the mutation in homozygous state in II:1. The affected brother, II:2, was also homozygous for this mutation, while both parents were heterozygous (Figure 1c) . The mutation predicts a truncated protein of 1074 residues (wildtype: 2390 residues) including 119 unrelated residues (Supplementary Figure S3) . In two small families out of 23 consanguineous families with sporadic or apparently recessive cerebellar ataxia (including 16 from Egypt), index patients displayed homozygous alleles for all three SPTBN2-flanking markers, but also heterozygosity for a presumably nonpathogenic variant in the 3 0 -prime UTR (c.*89C4G, both cases) and for a common SNP (rs4930388, one case). Thus, we discontinued SPTBN2 sequencing after 32 and 25 exons, respectively.
DISCUSSION
Spectrins are scaffolding proteins and important structural components of the plasma membrane skeleton, controlling its shape, organization and integrity. They participate in the transport of cellular organelles and help assembling specialized membrane domains. SPTBN2 encodes a b3-spectrin with high expression in Purkinje cells that is involved in excitatory glutamate signaling through stabilization of the glutamate transporter EAAT4 at the membrane's surface. Heterozygous in-frame SPTBN2 mutations cause SCA5, a rare SCA subtype with only five mutations reported, [4] [5] [6] with the mean age of onset at 33 years and mostly normal lifespan.
We describe a homozygous 5-bp deletion in SPTBN2 in a consanguineous family with infantile ataxia, developmental delay (d) Scheme of SPTBN2 gene structure and deduced protein with locations of the recessive (in red; human mutations described herein and by Lise et al. 11 , and the more C-terminal mutation that was recently identified in Beagle dogs) and dominant (SCA5; in blue) mutations. For clarity, the one-letter code was applied for mutation designation in this subset of the figure. and pyramidal signs that was unlinked to the known ARCA loci. The differences between dominant and recessive SPTBN2-linked ataxia resemble genotype-phenotype correlations in other genetically heterogeneous conditions, for example, deafness: biallelic MYO6 mutations cause profound congenital deafness, DFNB37, 7 whereas heterozygous mutations manifest as progressive postlingual hearing loss, DFNA22. 8 A single SCA5 patient has been reported with a heterozygous missense SPTBN2 mutation and an infantile onset, resembling the phenotype in our family. 6 Her mutation affects a highly conserved protein residue (p.Arg480Trp). Arg480 may represent a residue of particular importance for SPTBN2 function, with an unusually severe phenotype when mutated. However, in view of the clinical picture of SCA5 reported so far and regarding our findings, either a second-site SCA5 modifier or an undetected secondary (recessive) SPTBN2 mutation in trans (eg, deep intronic or in a non-coding regulatory region) contributing to disease appears likely in this early-onset case.
The SPTBN2 mutation in our family is likely causative for several reasons: The early frameshift predicts either an unstable RNA or a likely non-functional protein that is less than half of the wildtype in size (Figure 1d and Supplementary Figure S3) . Moreover, loss of one Sptbn2 copy was tolerated in mice, whereas homozygous Sptbn2 knockout mice displayed ataxia, 9 suggesting a recessive effect of loss-of-function mutations. Compatible with these findings, exome sequencing in Beagle dogs with autosomal recessive neonatal cerebellar cortical degeneration recently identified a homozygous Sptbn2 frameshift mutation. 10 Both homozygous knockout mice and Beagle dogs show Purkinje cell loss and cerebellar atrophy with molecular layer thinning. Sptbn2 deficiency in mice leads to a Purkinje cell membrane defect due to reduced sodium currents and altered glutamate signaling. 9 It is noteworthy that a parallel independent study identified a homozygous SPTBN2 nonsense mutation in a human family with infantile ataxia and psychomotor delay. The patients in this study showed clear cerebellar atrophy. 11 No cranial MRIs were available for our patients; although cerebellar symptoms do not necessarily correlate with cerebellar atrophy, we assume that they have cerebellar atrophy too.
We largely excluded a causative role of SPTBN2 in 23 additional consanguineous families, indicating that SPTBN2 is probably a rare ARCA gene. Our study confirms that autosomal dominant and recessive SCA may be allelic disorders. As a consequence, the complete coding sequences of genes involved in dominant SCA types, mostly pathogenic through expansion of CAG triplets, should be considered in unresolved cases of recessive ataxia and vice versa.
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